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ABSTRACT. When constructing absolute chronologies in archaeology, the aim is to detect archaeological events. In this
respect, we draw attention to the relation between the radiocarbon ages of human bone collagen samples and the absolute dat-
ing evidence on the age at death. In recent material, Mebus Geyh (2001a,b) described the offset between the former and the
latter, and suggested the relevant correction. The corrected '“C ages pertain to the age of the individual at death.

We have developed an application of Geyh’s original observation, which we term the human bone collagen offset (HBCO)
correction, to apply to archaeological “C dates. If the death and interment of individuals are identical, the corrected '4C date
reliably informs us about the deposition of the body and accompanying grave goods. In archaeology, the concrete correction
value is determined by the anthropologically estimated age of the individual, which we model by a normal (Gaussian) distri-
bution. The eventual impact of the HBCO correction on archaeological chronology depends on the portion of the calibration
curve through which the HBCO-corrected date is calibrated. At a certain level of '4C measurement precision, the difference
between the HBCO-corrected and non-corrected calendar dates can be considerable.

INTRODUCTION

When radiocarbon dates measured on human bone collagen are used in archaeology, it is assumed
that the sample material is of a short-lived nature. The dates are believed to be associated closely
with the archaeological event. However, human bone, due to its specific physiology, is a complex
material. It archives the dietary and health history of the individual’s life, and this may affect the
reliability of any absolute date (e.g. Geyh 2001a; Cook et al. 2002). As for the formation period,
Geyh (2001a, personal communication 2004) has proposed a model for “C turnover in human bone
collagen, and a correction for an associated offset. Suggesting that *C ages on human bone collagen
represent the termination of puberty rather than the age at death, the work has strong implications for
construction of absolute chronologies (Geyh 2001a,b). Accordingly, the assumption that human
bone collagen represents a short-lived sample is an oversimplification and may well be misleading.

In our paper, Geyh’s correction (2001a), which we term the human bone collagen offset (HBCO)
correction, is applied to archaeological samples. Given the original observation (Geyh 2001a, per-
sonal communication 2004), we put forth a mechanism to improve the accuracy of collagen chro-
nologies. First, we address Geyh’s model, which is based on recent material. Second, we develop a
statistical representation of skeletal age classes in order to arrive at concrete correction terms.
Finally, we illustrate the impact of the HBCO correction and discuss the caveats and limitations of
the suggested correction procedure.

THE MODEL OF MEBUS GEYH

Geyh’s (2001a) model is based on the bomb “C dating of 48 individuals of known birth and death
dates. In accordance with earlier works, Geyh modeled carbon exchange in human bone in 2 physi-
ological periods—the growth phase and the aging phase (2001a,b, personal communication 2004).
During the growth phase, he assumed a turnover of 5% per year. This main carbon uptake in human
bone collagen slows down at the end of puberty at 19 yr. Throughout the course of the subsequent
aging phase, the carbon exchange rate is assumed to be around 1.5%. Hence, “C dates measured on
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human bone collagen represent the termination of puberty rather than the date of death (Figure 1).
Therefore, Geyh (2001a,b) advised the correction of any conventional “C date measured from the
human bone collagen of an adult individual, if it is to bring evidence on the date of death. The cor-
rection term value depends on the age of the individual at death. The real 1“C age is obtained by sub-
tracting the correction term from the measured conventional date (Geyh 2001a, personal communi-

cation 2004).
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Figure 1 The HBCO correction term as suggested by Geyh (2001a,b, personal communication 2004)
is the nonlinear relationship between the age at death of an individual and the correction of the con-
ventional '4C date. The model reflects 2 phases of carbon uptake in human bones: the growth phase
(0-19 yr) and the aging phase (220 yr). The correction term is calculated for 3 different carbon
exchange rates during the aging phase: 1%, 1.5%, and 2%.

To make use of this model in archaeology, we should first express the age of an individual at death
by the physical anthropologist’s expertise at aging human skeletal remains. Second, one ought to
consider the dietary history of the individual, which is an important influence on the bone collagen
14C activity. Despite Cook et al.’s (2002) recommendations, routine measurements of 1SN paired
with 14C dating of archaeological human bones are still uncommon. Hence, we assume that the
archaeological samples that are to be HBCO-corrected have a specific 14C activity comparable to the
coeval atmosphere.

STATISTICAL REPRESENTATION OF SKELETAL AGE CLASSES

To arrive at the HBCO correction values for archaeological bones, the age of the individual at death
is described by the physical anthropologist’s estimate of skeletal age. Next, the statistical represen-
tation of skeletal age classes is passed through Geyh’s correction term (2001a) to obtain respective
correction values.

The physical anthropologist’s estimates are typically with a precision of decades (Infans, Juvenilis,
Adultus, Maturus, and Senilis). For our purposes, we express this age uncertainty by the normal
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(Gaussian) distribution and propose 2 models representing different confidence levels relating to the
age estimate derived by anthropological means:

* Model A presumes that the true skeletal age comes from the estimated range with 68.2% prob-
ability (1 o) (Figure 2a).
* Model B presumes this probability to be 95.4% (£2 o) (Figure 2b).
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Figure 2 Two models representing the physical anthropologist’s estimates of skeletal age: a) Model A; b) Model B. Gauss-
ians on the abscissa represent individual skeletal age classes. Gaussians on the ordinate represent approximations of the non-
normal distributions generated by Geyh’s (2001a) model.

Obviously, Model A is less strict and therefore provides less accurate HBCO correction. It is to be
used when the skeletal age estimate is less certain. On the other hand, Model B provides more accu-
rate HBCO correction, dependent on a more precise estimate of skeletal age.

As the HBCO correction term (Geyh 2001a,b) is a nonlinear relationship, it does not strictly pre-
serve the distribution of the age estimate. The curve transforms both the A and B models of skeletal
age estimates to realistic non-normal distributions of the HBCO correction values. While for some
age classes the transformed distributions can be very complicated, others turn out to be close to nor-
mal. Accordingly, these can be approximated by simple Gaussian models (Figure 2a,b).

To demonstrate the suitability of the Gaussian approximations, all transformed distributions were
tested using the Lilliefors non-parametric test for the goodness of fit to normal distribution at a sig-
nificance level of 5% (Conover 1980). The test was performed on 1000 simulated populations, each
consisting of 1000 samples. When the normality was rejected for more than 50% of the simulations,
it was regarded as rejected for the whole age class. While the normality was rejected for most skel-
eta] age classes of Model A (Table 1), this was not so for the majority of age classes using Model B
(Table 2). In the latter case, the Gaussian models matched the realistic distributions rather well.
However, one should keep in mind that the result of this assessment is strongly affected by the size
of the tested population.
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Table 1 The HBCO correction values calculated for Model A. The Lilliefors test rejects normality
of distributions generated by Geyh’s model for most skeletal age classes. Therefore, we suppose
that Gaussian approximation of HBCO correction is applicable mainly for classes Infans I, Adultus
II, Maturus I and II, and Senilis I and II.

Age at death  Model A HBCO correction

Class Label  (calendaryr) (calendaryr)  (“Cyr) Lilliefors test
Infans I-A 0-13 6.5+6.5 0.08 +0.57 normality rejected
— Infans I I1-A 0-6 3£3 0.00 + 0.00 —

— Infans II 12-A 6-13 9.5+35 0.00 +0.08 normality rejected
Juvenilis J-A 13-20 16.5+3.5 047 +1.15 normality rejected
Adultus A-A 20-40 30+10 10.10+7.15 normality rejected
— Adultus I Al-A 20-30 25+5 5.78 +4.01 normality rejected
—AdultusII  A2-A 3040 35+5 13.90 £3.90 —

Maturus M-A 40-60 50+10 23.97 +6.27 normality rejected
—Maturus I MI-A  40-50 45+5 21.12+3.35 —

—Maturus I  M2-A  50-60 55+5 27.32+£2.88 —

Senilis S-A 60-80 70 + 10 34.75 +4.63 normality rejected
— Senilis I S1-A 60-70 65+5 32.65 £2.47 —

— Senilis II S2-A 70-80 75+5 37.24 £2.13 —

Table 2 The HBCO correction values calculated for Model B. The Lilliefors test rejects normality
for Juvenilis only. Accordingly, the Gaussian approximation of HBCO correction is applicable
mainly for all other classes.

Age atdeath  Model B HBCO correction

Class Label  (calendar yr) (calendar yr) MCyr) Lilliefors test
Infans I-B 0-13 6.5+3.25 0.00 £0.01 —

— Infans I I1-B 0-6 3x1.5 0.00 £ 0.00 —

— Infans II 12-B 6-13 9.5+ 1.75 0.00 +0.00 —

Juvenilis J-B 13-20 16.5+1.75 0.06 +0.28 normality rejected
Adultus A-B 2040 30+5 9.88 £4.14 —

— Adultus I Al-B  20-30 25+2.5 5.63+224 —
—AdultusII  A2-B  30-40 35+25 14.01 + 1.94 —

Maturus M-B 40-60 505 24.34 +3.10 —

— Maturus I M1-B  40-50 45+25 21.21 +1.67 —
—MaturusII  M2-B  50-60 55+25 27.41+1.43 —

Senilis S-B 60-80 705 35.03+£2.29 —

— Senilis I S1-B 60-70 65+2.5 32.72+1.23 —

— Senilis II S2-B 70-80 75+2.5 37.30 = 1.06 —

14C CALIBRATION OF HBCO-CORRECTED DATES USING RESERVOIR OFFSETS

The reservoir correction enables the application of calibration data suitable for one reservoir to the
samples from another reservoir. A reservoir offset itself is represented by the mean shift between
primary and secondary reservoirs and its standard error.

Accordingly, calibration of HBCO-corrected “C dates can be carried out as the application of a spe-
cific reservoir offset onto the atmospheric calibration data set. The age difference between corrected
and non-corrected “C dates is recognized as a reservoir offset that is specific for each individual. If
the age at death of a dated individual is precisely known, the appropriate reservoir offset can be
directly read from Geyh’s model as the correction value with O standard error (Figure 1). This is
obviously not the case for archaeological human remains, where the anthropologist’s age estimate
usually has a precision of decades. This uncertainty results in reservoir offsets with non-zero stan-
dard errors requiring a more complex approach (see section “Statistical representation of skeletal
age classes”).
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Jones and Nicholls (2001) pointed out several critical issues about reservoir correction as defined by
Stuiver and Braziunas (1993). Whereas samples coming from a common reservoir are dependent
considering the same reservoir offset, the application of an independent reservoir offset with a stan-
dard error >0 may lead to significant calculation errors. In the case of HBCO correction, each dated
individual is viewed as an independent reservoir with its own specific reservoir offset. Therefore,
samples taken from different individuals are clearly independent. On the other hand, when more
samples taken from the same individual are calibrated, the arguments of Jones and Nicholls (2001)
have to be taken into account.

RESULTS

Regarding calculation of the HBCO correction, we present 2 tables that introduce appropriate
HBCO-correction coefficients for all common skeletal age classes. Table 1 summarizes results
obtained for the Model A of skeletal age estimates. The Lilliefors test rejects normality of the real-
istic distributions generated by Geyh’s model for most skeletal age classes. Therefore, we suppose
that the Gaussian approximation of HBCO correction is applicable mainly for classes Infans I, Adul-
tus II, Maturus I and II, and Senilis I and IL. Results obtained for Model B are summarized in Table
2. In this case, however, the Lilliefors test rejects normality for just 1 skeletal age class—Juvenilis.
Accordingly, the approximate HBCO correction is applicable mainly for all other age classes.

In archaeological practice, we suggest implementation of the HBCO correction in 14C calibration by
means of the AR command available in many calibration tools (e.g. OxCal, BCal, CALIB). The
eventual impact of the correction on archaeological chronologies depends on the portion of the cal-
ibration curve through which a corrected '“C date is calibrated. By virtue of the HBCO correction,
an original 14C age may be shifted to a high gradient or a wiggly part of the calibration curve. This,
in turn, may generate a considerably different calendar date that is difficult to predict. Therefore, we
feel it justified to employ the HBCO correction in building absolute chronologies incorporating
human bone collagen '“C dates.

ARCHAEOLOGICAL EXAMPLES

In order to demonstrate the impact of the HBCO correction on archaeological chronologies, we dem-
onstrate 2 common situations that an archaeologist may encounter: 1) the calibration of single deter-
minations and 2) the complex Bayesian model. For the former, we have chosen 4 human bone col-
lagen determinations from Early Bronze Age (EBA) sites around Stuttgart, Baden-Wiirttemberg
(Krause 1996). For the latter, we have used 10 human bone collagen dates from 10 graves of an EBA
cemetery at Singen, Lake Constance (Bodensee) (Krause 1988; Becker et al. 1989). The latter played
a key role in debates about continental EBA chronology in the late 1980s and early 1990s (Barta
2006).

For the 4 high-precision '“C dates that were published without information on the age of the
deceased (Krause 1996), we visualized the magnitude of the shift on the calendar timescale by sim-
ulation of different skeletal age classes. The samples come from grave 1/1 at Gaufelden-Tailfingen
(Hd-11794), grave 1/1 at Weinstadt-Endersbach (Hd-11774), grave 12 at Remseck-Aldingen (Hd-
13984), and grave 1/1 at Gerlingen (Hd-11855). Considerable changes in posterior probability dis-
tributions triggered by the HBCO correction are clearly visible (Figure 3). Following the simula-
tions, if the anthropologically estimated age at death is not taken into account, the absolute chrono-
logical conclusion drawn by the archaeologist may very well not be correct.
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Figure 3 '“C dates and associated HBCO correction simulations for skeletal age classes Adultus I and II, Maturus I and
11, and Senilis 1. '“C samples come from grave 1/1 at Gerlingen (Hd-11855), grave 1/1 at Weinstadt-Endersbach (Hd-
11774), grave 12 at Remseck-Aldingen (Hd-13984), and grave 1/1 at Géaufelden-Tailfingen (Hd-11794), Early Bronze
Age, south Germany. For labels of the skeletal age classes, see Tables 1 and 2. Calibration was done using OxCal v 3.10
(Bronk Ramsey 1995, 2001) and the IntCal04 calibration curve (Reimer et al. 2004).

In the second example, the difference between HBCO-corrected and non-corrected data is not so
marked as in the first example (Figure 4). This is partly due to the larger standard deviations of the
conventional dates used (40-50 '4C yr). The probability distributions marking the start and end of
burial at the Singen cemetery were modified only slightly. Nonetheless, the distributions for the start
of burial have changed from bimodal to unimodal, suggesting a shift of 60 calendar yr. The posterior
probability peak for the end of burial has shifted by 40 calendar yr.
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Figure 4 EBA cemetery at Singen, south Germany. Note the difference between posterior probability distributions of
HBCO a) non-corrected and b) corrected '“C dates. The start and the end of burial at the cemetery has shifted by 60 and
40 calendar yr, respectively. Standard errors of the conventional dates range between 40-50 '“C yr. For labels of the skel-
etal age classes, see Tables 1 and 2. Calibration was done using OxCal v 3.10 (Bronk Ramsey 1995, 2001) and the IntCal04
calibration curve (Reimer et al. 2004).
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DISCUSSION AND CONCLUSION

Notwithstanding the complexity of the topic and the new models for carbon turnover in human bone
collagen, we suggest that the use of the HBCO correction in archaeology is advisable, and recom-
mend it when constructing absolute chronologies based on age-at-death information. In contrast, by
using the human bone collagen 4C dates without the HBCO correction, archaeologists run the risk
that the calendar date probability distribution obtained will not be accurate. Moreover, the wiggles
and high-gradient regions of the calibration curve make the impact of the HBCO correction difficult
to foresee.

The proposed correction mechanism is biased by the limitations of the original model. As noted by
Geyh (2001a,b), the paucity of knowledge concerning carbon uptake and residence time in animal
tissues may cause problems in application of the HBCO correction. Moreover, there seem to be dif-
ferences within and between organs of animals, as well as between individuals. This topic has most
recently been considered by Hedges et al. (2006). Having studied the samples from the femoral mid-
shafts of 67 individuals, they concluded that the specific “C activity of the collagen between males
and females is significantly different, and that the turnover rate during growth depends on the geo-
metric growth of the bone.

Finally, we should mention diet-derived 4C age offsets (e.g. aquatic diet). This may be more of an
influence on accuracy than the human bone collagen offset, but 1“C dates paired with dietary analy-
ses are still rare in archaeology. Therefore, at present, the HBCO correction may effectively contrib-
ute to improved accuracy for the majority of 14C dates of archaeological human remains.
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